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Abstract 
To measure fabric permeability over the body at air velocities encountered in running, a series of air pressure 
measurements were conducted on a mannequin torso in a wind tunnel.  Pressure measurements were made at wind 
speeds of 3.3 m/sec, 5.3 m/sec and 10.0 m/sec from 15 pressure taps that ringed the circumference of the 
mannequin torso.  The pressure measurements were then repeated at the two higher velocities when the pressure 
taps were covered in one of five fabrics commonly used for sports apparel. Each of the fabrics are considered 
highly permeable, based on an air permeability rating provided by the fabric manufacturer. The goals of the 
pressure measurements were: (1) to quantify the ability for air to be transmitted through a garment to an athlete’s 
skin when the athlete is running; and (2) to compare the pressure tap measurements with the manufacturers’ air 
permeability ratings. The pressure measurements indicated that the only areas of the torso that encounter 
measurable airflow at wind velocities up to 10 m/sec are the flanks, a phenomenon also observed during dye-
injection flow visualization studies conducted on a torso model in a water flume. Covering portions of the torso 
that receive very little airflow with any fabric further subdued the incoming airflow and the reduction in airflow 
was not consistently correlated with the fabric air permeability rating.  The results of this study suggest that fabric 
air permeability ratings are of limited utility in the selection of permeable materials for running apparel because of 
the low air pressures encountered by the torso at running velocities. 
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1. Introduction 
In athletic events conducted for long durations at low velocities, such as middle distance or marathon running, 
competition apparel are developed using fabrics that have high air permeabilities that should permit effective 
thermoregulation through conductive, convective and evaporative heat loss.  To design such apparel, clothing 
designers typically rely upon the results of standard air permeability measurements supplied by fabric 
manufacturers.  These standard air permeability measurements are conducted under EN ISO 9237 in which a fabric 
sample with an area of 20 cm2 is placed in an airflow and subjected to a pressure of 100 Pa with the pressure 
difference between the two sides of the fabric measured with a manometer Havrdova (2007); ISO (2011). While 
these air permeability measurements provide a basis for comparison of potentially suitable fabrics, there has been  
little research to confirm that fabrics deemed highly permeable under ISO 9237 provide significant ventilation in 
the range of velocities encountered in relatively low speed athletic competition.  Anecdotal reports from athletes 
suggest that many athletic garments provide suboptimal ventilation when the athlete is exercising at a high 
workload.  While attempts have been made to correlate the aerodynamic drag of cross country ski suits with the air 
permeability of the suit Oggiano et al. (2012) or to measure the pressure around the limb segments of a full scale 
speed skater model in order to identify factors that affect the aerodynamic drag of each body segment  D’Auteuil, 
Larose and Zan (2010), the actual airflow over the body at running velocities and the effective permeability of 
fabrics at those velocities have not been quantified.  The current study was undertaken to measure pressure 
distribution over the torso at running velocities and to compare fabric permeability ratings with air pressure 
measurements conducted under fabrics typically used in athletic apparel. 
 
2. Methods 
2.1. Wind tunnel 
All tests were conducted at the University of British Columbia Department of Mechanical Engineering 
Parkinson Wind  Tunnel.  The Parkinson Wind Tunnel is a closed circuit wind tunnel with test section dimensions 
of  91 cm wide x 69 cm high. 
2.2. Torso model, pressure taps and wind velocity 
A medium size adult mannequin torso model without arms (Figure 1) was tapped with 15 fluted brass pressure 
taps that went around the circumference of the body in a horizontal line at the height of the pectoral muscles 
(Figure 2).  A second line was fitted just above waist height but was not used in this investigation.  The pressure 
taps were placed approximately 6 cm apart and were anchored with a nylon washer fitted to the backside of each 
tap in holes drilled through the fiberglass mannequin “skin”.  While the surface of a mannequin is somewhat 
smoother than human skin, this was not considered to affect the pressure measurements.   Each numbered tap was 
connected to a digital pressure transducer with a 3 metre length of 6 mm diameter polyethylene tubing. The inlet 
tube for each pressure tap was manually placed in sequence over the inlet orifice of the pressure 
transducer.  Pressure measurements were conducted at wind speeds of 3.3, 5.3 and 10 m/sec and were averaged 
over a 15 second data collection window.   The choice of wind speeds was made to simulate those air velocities 
that would be encountered in warm-up activities, world class marathon running and world class sprinting, 
respectively. 
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Fig. 1. Showing the location of the pressure taps on the mannequin torso; Fig. 2. Showing the relative position and identification number of 
each pressure tap 
2.3. Fabrics 
Five knitted fabrics commonly used for athletic apparel were tested in this investigation.  The relative air 
permeability and physical characteristics of each fabric, as provided by the manufacturer, are noted in Table 1. The 
relative air permeability refers to the permeability of a fabric as compared to an open bore flow rate of 7,079 l/min 
(250 cfm). 
     Table 1. Air permeability and physical characteristics of the fabrics 
Fabric 
Name 
Relative Air 
Permeability (%) 
Fabric                         Mass per  
Type                           unit area (g/m2) 
Fiber  
Composition 
Bare mannequin 100 -                                     - - 
Langl   mesh   60 warp knit mesh            50 100% polyester 
Arrow  mesh 
Zinal    mesh 
Urchin mesh 
WC14 base 
  40 
  30 
  20 
  unknown 
warp knit mesh            50 
warp knit mesh          120 
double knit mesh       105 
microfiber                  unknown 
  83% polyester; 17% rayon 
100% polyester 
100% polyester 
unknown 
 
The pressure distribution around the bare mannequin was measured twice at each velocity and then the air 
permeability of each fabric was measured by taping a loosely fitted but non-wrinkled, 20 cm wide swatch of 
material on the torso over the pressure taps.  The top and bottom of this swatch was sealed with tape to prevent air 
leakage around the edges of the fabric from confounding the airflow through the fabric or triggering unrealistic 
flow fields over the pressure tap. 
2.4. Flow visualization 
To assist in visualizing the air flow around the torso, video and still photographs were taken of the torso model 
when it was submersed in the University of Washington water flume and subjected to dye injection flow 
visualization at an equivalent air velocity of 5.6 m/sec. 
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3. Results and Discussion 
3.1. Repeatability of Pressure measurements 
Repeat testing of the bare mannequin at each of three air velocities revealed a mean absolute difference of 0.62 
Pa between the two measurements.  The range of pressures measured and the maximum difference in test - retest 
measurements at the same pressure tap are shown in Table 2. 
3.2. Pressure measurements over the bare mannequin 
The main observation from the bare mannequin pressure measurements was that the only areas of the torso that 
see significant airflow are the flanks (tap numbers 4, 5, 12, 13).  This phenomenon was also observed in dye-
injection flow visualization conducted on the mannequin torso at the University of Washington water flume where 
the flow velocity over the front of the chest and the back are extremely low and the flow is seen to accelerate 
around the flanks.  In the water flume, attempts to have the dye infiltrate any garment were generally unsuccessful 
as the flow velocity within the garments was effectively zero at a world class marathon pace. 
3.3. Pressure measurements over the fabric covered mannequin 
In this study, pressure tap measurements from the bare mannequin were assumed to represent the external 
pressure (P2) around the mannequin when it was covered in a fabric.  This pressure was compared to the pressure 
measurement under each fabric (P1) to provide a pressure difference (P1 – P2):  a nil pressure difference implies 
the fabric has no effect (it is perfectly permeable) or the flow rate is near zero; a negative pressure difference 
implies the fabric is impeding inward flow towards the body; a positive pressure difference implies that the fabric 
is impeding outward flow, away from the body.  The assumption that the bare mannequin pressure is equivalent to 
the external pressure is only correct if the fabric does not alter airflow around the body.  If a rough fabric causes 
flow transition and delays flow separation then the area of higher speed airflow around the body will be extended.  
The flow pattern over the mannequin was not found to be symmetric and this may have been due to the 
asymmetrical shape of the mannequin and the yaw angle of some pressure taps relative to the airflow direction. 
At an air velocity of 3.3 m/s and with a porous mesh fabric covering the pressure taps, measured pressure 
differences to the bare mannequin were very small, most likely due to the low flow rate.  As a result, all subsequent 
fabric pressure measurements were conducted at air velocities of 5.3 and 10 m/sec (Figures 3 and 4).    The only 
pressure taps to register sizeable pressure differences to the bare mannequin are those taps associated with the 
flanks (sides, pressure taps 4, 5, 12, 13).  Generally, the front of the torso (taps 1, 2, 14, 15) and back (taps 7-10) 
show only small pressure differences from the bare mannequin.  The flanks will adopt either negative or positive 
pressure, depending on the flow velocity, the state of the separation bubble behind the torso and whether the fabric 
roughness is sufficient to induce flow transition, causing the flow to stay attached to the torso further to the back 
and creating a reduced low pressure wake behind the body.  The observed accentuation of negative pressure 
differences over the flanks at the higher sprint velocity of 10 m/sec compared to a marathon racing velocity of 5.3 
     Table 2. Repeatability of torso pressure measurements 
Air flow velocity (m/sec) Mean absolute 
test-retest 
difference (Pa) 
Maximum test-
retest difference 
(Pa) 
Lowest 
pressure tap 
reading (Pa) 
Highest pressure 
tap reading (Pa) 
  3.3 0.25 Pa 1.10   5.56   11.66 
  5.3 0.51 Pa 1.33 14.67   32.09 
10.0 1.11 Pa 5.05 42.91 127.66 
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m/sec may be due to the flow remaining attached further around the flanks of the fabric roughened torso at the 
higher velocity. 
The pressure measurements also revealed that the differences in rated fabric air permeability of the five fabrics 
are not well correlated to the actual pressure measurements at the skin level.  At an air velocity of 5.3 m/sec, the 
maximum positive pressure difference occurs over tap 12, with the least permeable fabric (Urchin) creating the 
most positive pressure differential, as would be expected from trapping air more than other fabrics.  In a similar 
way, the most permeable fabric (Langl) provides almost no pressure differential at this same location.  This 
relationship between increasing fabric permeability and decreased pressure differences was expected, however, in 
pressure measurements over the rest of the torso, and particularly the other flank, there was not a consistent 
relationship between the rated fabric permeability and the pressure difference at the skin for both 5.3 and 10.0 m/s.  
In many cases fabrics with higher permeabilities were associated with positive or negative pressure differences that 
were equivalent to those provided by fabrics with lower permeabilities. 
 
This observation has important consequences for the design of competition apparel for long distance running 
events or football matches, particularly when the competitions are conducted in warm and humid conditions where 
the ability of the athlete to dissipate heat through convection, conduction and evaporation of sweat may be limited.  
Even the most permeable fabrics exhibited pressure distributions, and therefore flow patterns, different from the 
bare mannequin.  If the apparel is to be utilized under challenging environmental conditions then every attempt 
must be made in the apparel design process to minimize coverage of the skin and to use as many flaps and vents as 
possible to maximize airflow around the body. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Pressure measurements of the fabric covered torso at an air velocity of 5.3 m/sec  
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Fig. 4. Pressure measurements of the fabric covered torso at an air velocity of 10 m/sec 
Conclusions 
Pressure measurements conducted on the skin of a mannequin torso at running velocities have revealed that the 
torso generally encounters very low air pressures during running.  As a result, even very permeable fabrics will 
provide limited ventilation for thermoregulatory purposes.  Industry standard measurements of fabric air 
permeability are of limited utility in the selection of permeable materials for running and football apparel because 
there is not a strong correlation between the industry measurements and air pressures encountered by the torso 
during running.  
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